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Abstract 
This dissertation presented below was written as part of the MSc in Strategic Product 
Design at the International Hellenic University. 
3D printing is an innovative and unique additive manufacturing technology that without 
a doubt offers a high degree of freedom for the creation of various products that 
incorporate electrical parts, such as sensors, switches and connectors. The ease of access 
in low-cost, dependable, conductive material will be undoubtedly vital in the fabrication 
of these products.  Up to this point, there are not many reliable 3D printable conductive 
filament composites with high enough conductive properties that can be used in the 
fabricate of circuits for fused deposition modeling. 
In view of this, we present the fabrication, testing, characterization and application of an 
inexpensive thermoplastic conductive material that has been prepared into filament 
form for 3D printing. Results from the dynamic ultra-micro-hardness tests, as well as 
SEM analysis are thoroughly presented in order to fully define the structure along with 
the mechanical properties of the developed composite. 
An emergency stop button (e-stop) was designed and printed with the newly created 
prototype and applied to a small circuit design in order to demonstrate the potential use 
of this composite into circuit applications. 
Truthfully, I could not have reached my research goals without the support that was 
provided by a group of very important people. First of all, my parents, who provided me 
with support, love and understanding. Secondly, the Digital Manufacturing and 
Materials Characterization Laboratory (DMMC Lab) technical associate Mr. Manolis 
Tzimtzimis as well as my supervisor Prof. Dimitrios Tzetzis, who have provided me 
with guidance throughout the whole research process. Thank you all for your 
unwavering support. 
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Preface 
Originally, the basis for my research arised from the passion that defines me as a 
person, the passion to fabricate better conductive materials for 3D printing. As the 
world proceeds further into the digital era, where electronic devices are inseparably 
connected to our lives, there will be a greater need to create complex geometries with 
conductive properties. How will we cope with these needs? It is my sincere passion to 
not only discover, but also to develop methods and materials to break down barriers of 
conductivity for future generations. 
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Introduction 
In out everyday life, we are surrounded by one of the most fascinating innovations of all 
time. The wonder of electricity. Electricity is a force of energy used all throughout the 
whole world, even though humans have survived without it, chances of the human race 
thriving without it is next to zero. This is due to development and growth that was 
possible as a result of the production of electricity. The moment the idea was presented 
to the world that electricity could be created and bring the world to life, was the moment 
that everything changed. 
Electricity and Technology are and will always be interrelated. 
Current technology encompasses a spectrum of electronic devices used both in our daily 
lives and in the industrial field. Most of the widely available electronics are designed 
based on general needs and are not designed to accommodate specific requirements. 
Although customization of electronic devices and electronic components is possible by 
applying traditional fabrication techniques, that usually lead to enormous production 
costs, that are transferred on to the end user. 
3D printing is an innovative additive manufacturing technology that without a doubt 
offers a high degree of freedom for the creation of various customized products. In the 
modern era of technology, the plethora of efficient, reliable 3D printers has made this 
unique technology an increasingly low-cost, viable option for manufacturing 
customized products. Several companies have taken advantage of additive 
manufacturing tools for prototyping various products and parts such as flexible and 
stretchable sensors, antennas, industrial scale parts. The electrically conductive 
materials embedded into these products were 3D printed using carbon-based, metal-ion 
or -colloid inks conductive composites. Even though, metal-ion or -colloid ink such as 
silver ion or silver nanoparticle have a  higher conductivity-lower electrical resistivity 
than carbon-based composites, carbon-based polymer materials achieve two great 
advantages over the aforementioned composites for 3D-printed electronics. The first 
and most significant one is the absence of additional processing in Carbon-based 
polymer composites such as thermal annealing or evaporation of solvent which are 
required by 3D printing with the aforementioned metal-ion composites. And secondly, 
they can be easily fabricated into filament form for printing on desktop Fused 
Deposition Modeling (FDM) printers.  
In this Thesis a detailed description of the preparation, characterizations, and 3D-
printing applications of low-cost thermoplastic composite filaments based on 
Acrylonitrile butadiene styrene (ABS) as polymeric matrix. The conductive filler that is 
used in order to produce the conductive filament is carbon black (CB) along with 
carbon nanotubes (CNTs). Despite the fact that graphene has been praised by other 
researchers as the best filler in conductive composites for 3D printing, the extreme cost 
of graphene led to the exception of the material as a conductive composite and guide us 
to focus on carbon black and carbon nanotubes for our study. Many widely available 
filaments (e.g., graphene-based composite sold by Black Magic 3D) are based on 
graphene and polylactic acid (PLA) composites and the volume resistivity that can be 
achieved in that of 0.006 Ω m (or 0.6 Ω cm), nevertheless it is not clarified if conductive 
filaments produced with less expensive fillers (e.g., carbon black) and polylactic acid 
(PLA) are able to be used in 3D printing and lead to similar results. 
 
Furthermore, previous reports on 3D printing of conductive materials have paid 
insufficient attention to the mechanical properties of printed samples under different 
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tests. To evaluate how reliable are the 3D-printed prototypes fabricated with these 
conductive filament composites, dynamic ultra-micro-hardness tests, as well as SEM 
analysis are thoroughly presented in order to fully define the structure along with the 
mechanical properties of the developed composite. Furthermore, a case study was 
created. An emergency stop button (e-stop) was designed and printed with the newly 
created prototype filament and applied to a small circuit design in order to demonstrate 
the potential use of this composite for circuit applications. 
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1. Materials 
In this first chapter, the material selection process for creating the appropriate composite 
for 3D printing will be demonstrated. First of all, a thorough analysis of each element is 
presented in order to determine the nature of each component.  Furthermore, the reason 
for each selection is analyzed in order to examine the crucial role of each component in 
the project.  
1.1 Acrylonitrile butadiene styrene (ABS) 
Acrylonitrile butadiene styrene (ABS) (chemical formula (C8H8)x·(C4H6)y·
(C3H3N)z) is a thermoplastic polymer widely used in various everyday objects. The 
polymer has a glass transition temperature that is estimated to 105 °C (221 °F). The 
amorphous nature of ABS concludes in the absence of a true melting point. ABS is a 
terpolymer created by polymerizing styrene and acrylonitrile along with polybutadiene 
being present in throughout the entire process. The percentage of acrylonitrile can vary 
from 15 to 35%, 5 to 30% butadiene and styrene having the leading role of 40 to 60%. 
The result is a long chain of polybutadiene criss-crossed with shorter chains of poly 
(styrene-co-acrylonitrile). The nitrile groups from neighboring chains, being polar, 
attract each other and bind the chains together, making ABS significantly stronger than 
polystyrene. Through the styrene properties a shiny and impervious surface to the 
plastic is attained. On the other hand, the rubbery nature of the polybutadiene provides 
toughness even at low temperatures. For most of the applications, ABS can be normally 
used in temperature starting from −20 and reaching up to 80 °C (−4 and 176 °F). The 
mechanical properties of ABS differ contextually to the temperature. Due to rubber 
toughening where even, homogenous distribution of the elastomer particles throughout 
the rigid matrix occurs, the aforementioned properties are created. 
Between polylactic acid or polylactide (PLA) and Acrylonitrile butadiene styrene 
(ABS), ABS was acquired as the perfect matrix material for the project. The choice of 
ABS was made for to two main reasons: Firstly, due to the need of structural integrity. 
Secondly, due to the non-biodegradability of ABS. PLA has a stable behavior in normal 
atmospheric conditions and will biodegrade within 50 days in industrial composters and 
48 months in water, on the other hand ABS has a non-biodegradable nature, however it 
is recyclable, a factor that is of utmost importance in our project. [1] 
1.2 Conductive Paint/ Electric Paint 
Conductive Paint or also named as Electric Paint, is an electrically conductive ink that is 
cast on top of various objects. The conductive ink is typically manufactured by infusing 
graphite or other conductive materials into ink. Conductive paint can be a more viable, 
from the economic aspect, way to create conductive traces in comparison to the 
traditional industrial techniques such as etching copper from copper plated substrates to 
form the same conductive traces on relevant substrates. The ease of incorporating such 
inks into 3D printing is very important, as printing is a purely additive production 
technology and produces far less waste than traditional technics, which then have to be 
recovered or treated. The bare conductive paint acquired is water soluble, thus easily 
combined with powder or solid materials into a water mixture. [2]. 
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1.3 Acetone 
Acetone, or propanone with the formula (CH3)2CO, is an organic compound. It is the 
smallest ketone and is an extremely flammable, colourless liquid. Acetone is easily 
mixed with water and serves as a high-importance solvent, typically for dissolving and 
cleaning  purposes in many laboratory processes. In the project, acetone is used as the 
main dissolvent factor, the chemical reaction of acetone with ABS provides a unique 
liquid mixture that can be furtherly combined with various substances. Furthermore, as 
the boiling temperature does not exceed 60 °C, it can be easily evaporated from the 
mixture and produce the solid material needed for the project. [3]. 
1.4 Carbon black 
Carbon black is a material produced as a result of the incomplete combustion of heavy 
petroleum products such as coal tar, Fluid catalytic cracking (FCC) tar, or ethylene 
cracking tar. Carbon black is a form of paracrystalline carbon that has a high surface-
area-to-volume ratio, significantly lower to that of activated carbon [4]. It is not similar 
to soot in its much higher surface-area-to-volume ratio and the remarkably lower 
(negligible and non-bioavailable) content of polycyclic aromatic hydrocarbon (PAH). 
However, carbon black is generally used as a model compound for diesel soot for diesel 
oxidation processes. The main use of Carbon black is as a reinforcing filler in tires and 
other rubber products. Carbon black is also used as a color pigment in plastics, paints, 
and inks due to its distinctive colour. The microstructure of carbon black is comparable 
to that of graphite, despite of the layers being less ordered. Therefore, carbon black is a 
semiconductor. The percentage of the electrical resistivity of carbon black as polymer is 
influenced by the physical and chemical properties of the carbon black. [5] 
In more detail, electron flow through a carbon black/polymer composite is attained 
when a conductive network is created by the carbon black within the polymer. When the 
carbon black carbon black aggregates are in contact or separated by 100 A or less, 
electron flow occurs. At these extremely small distances, electrons tunnel through the 
resistive polymer. When the presence of aggregates in contact or separated by 100 A or 
less is great, the greater electrical conductivity achieved. 
The basic unit of carbon black, the primary aggregate, is a group of particles 
permanently mixed together during fabrication. The characterization of the primary 
aggregate is done through Structure and surface area, both of whom also influence the 
percentage of conductivity. Surface area specifies the porosity and the size of the 
individual particles in the primary cluster. Surface area is inversely jointed to particle 
size; therefore, low surface area grades have significantly lower aggregates per unit 
mass than higher surface area grades which consist of smaller particles. The presence of 
a great amount of aggregates in the polymer matrix results in decreased interaggregate 
distances and greater conductivity. Structure, measured as dibutyl phthalate absorption, 
characterizes the shape and size of the primary cluster. High structure aggregates have 
large, highly branched clusters of particles which increase aggregate-to-aggregate 
contact and therefore conclude in higher conductivity. The conductivity of Carbon black 
is heavily influenced by the surface chemistry of the material. There are chemisorbed 
oxygen complexes on the surface of all furnace process-type carbon blacks. This is 
usually referred to as volatile content. These complexes play the role of insulators, thus 
having a negative effect on the conductivity. All in all, electrical conductivity is far 
greater in carbon blacks with higher structure, higher surface area, and lower volatile 
content. Due to the semiconductor properties explained above, along with the small cost 
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of the substance, carbon black was acquired as one of the two main conductive fillers of 
the project. [6]. 
 
1.5 Carbon nanotubes (CNTs) 
Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical type 
nanostructure. These cylindrical carbon molecules have unique properties, which are 
extremely important for optics, nanotechnology, electronics, and many other fields of 
materials science and technology. Due to the material's extraordinary stiffness and 
strength, nanotubes have been created with a length-to-diameter ratio of up to 
132,000,000:1, undoubtedly higher of any other material. Furthermore, because of their 
exceptional thermal conductivity and electrical and mechanical properties, carbon 
nanotubes act as additives to various structural materials [7]. 
There are many reasons why CNTs are conductive. First of all, the physical properties 
of the walls that makes up the tube, and the way the tube is wrapped, makes it 
conductive. The walls’ atoms are structured in a specific way that makes it (the 
graphene wall) room-temperature zero-gap semi-conductive or even metallic - making it 
easy for electrons to be freed or moved. The way the walls are “wrapped”, or chirality, 
as well as the diameter of the graphene tubules, also affect the fundamental conducting 
properties of the tubes. Owing to their unique properties of high electrical and thermal 
conductivity, carbon nanotubes present great interest as fillers for polymer composites. 
Therefore, they were chosen as the second conductive filler along with carbon black for 
the project. [8]. 
1.6 Triethyl citrate (TEC) 
Triethyl citrate is an ester of citric acid. As a liquid, its distinctive characteristics are the 
absence of odor and color. Therefore, it is widely used as a food additive. It is also used 
in pharmaceutical coatings and plastics. The unique properties of Triethyl citrate enable 
its role as a plasticizer for polyvinyl chloride (PVC) and similar plastics substituting 
Phthalates or phthalate esters. [9]. 
 
 
 
 
2. Fabrication 
In the second chapter, the experimental procedure for fabricating appropriate prototype 
materials for 3D printing will be thoroughly presented. Using a single screw extruder 
and the previously mentioned prototype materials, monofilaments were produced. The 
aftermath of the procedure was creating three prototype material categories utilizing 
ABS as a matrix element: The first category created was ABS loaded with conductive 
paint in various percentages, the second category of prototype material was ABS loaded 
with carbon black powder in various percentages, last but not least the third category 
which was ABS loaded with carbon black powder and carbon nanotubes in various 
percentages. The chosen diameter of the produced filament was 3.00mm. After the 
production of the prototype filament, various 3D printed objects were created. 
Furthermore, the new prototype materials were compared in terms of conductivity. 
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2.1 Laboratory Procedure 
First of all, using ABS pellets as the matrix ingredient various samples were created. By 
mixing ABS-pellets, conductive ink, carbon black and carbon nantubes with pure 
acetone (High content of CH3COCH3 more than 99.7%)  into glass air-shield 
containers we have created 3 distinctive sample categories as shown in the Figure below 
(Figure 1). 
 
 
Figure 1: Sample in air tight glass conteiner. 
To initiate the liquefaction process, ABS-pellets were completely covered with pure 
aceton. Due to the high evaporation rate of acetone each sample was stored for 96 hours 
(4 days) into glass air tight containers in order for the acetone to completely liquify the 
ABS-pellets. After the initial liquid mixture was created, each element was carefully 
added (one at a time). Each time an additional element was added in the mixture, the 
sample was left to rest for at least 24 hours in the air-tight container. 
This process was crucial to the creation of a homogenous mixture. The complete sample 
in air tight cointeiner is presented below (Figure 2).  
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Figure 2: Sample with all of the ingredients added. 
 
After adding all the components, prototype sample were created. Subsequently, each 
sample went through the following machines in order to produce filament prototypes 
which will be used in 3D printing. 
 
· Ultrasonic Processor 
· Dry and Heating Oven 
· Rapid Shredder  
· Extruder 
 
Consequently, prototype filaments were created and used in the next step of the 
laboratory procedure. 
 
2.2 Ultrasonic Processor 
The first step of the laboratory process following the creation of the samples, was the 
Ultrasonic Proseccor, in order to ensure even despersion of all the elements that 
constitute the liquid mixture. For this step, the UP200S Ultrasonic Processor by 
Hielscher Ultrasonics GmbH has been used. An ultrasound is generated throught 
electric excitation by the ultrasonic transducers, afterwaards it is transferred to the liquid  
via various sonotrodes. The ultrasonic processors are secured to a stand for operation 
ease. (Instruction manual_Ultrasonic processors for Laboratories, 2007) In the picture 
below the ultrasonic processor allong with the portable suitcase is and the different parts 
is being thoroughly presented. (Figure 3) 
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Figure 3: The Ultrasonic Processor UP200s. (Instruction manual Ultrasonic processors 
for Laboratories, 2007) 
 
The Ultrasonic Processor UP200s is exceptional for the homogenization of liquids. 
Among its various uses, intensive cleaning of flat substrates is available, but also for the 
fine screening of granular substances. Its can be also incorporated in the field of 
engineering for thermoplastic deformation and the removal of protective coats. The high 
efficiency is one of the most important characteristics of this machine. The Ultrasonic 
Processor UP200s does not require artificial cooling and it is suitable for continuous 
use. The amplitude can be adjusted in steps between 20% and 100%, as well as the 
cycle from 0 to 1. The complete interface is shown in the picture below (Figure 4). 
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Figure 4: Complete interface of Ultrasonic Processor UP200s. 
 
The glass container is secured with the specially designed clamp-tool and covered with 
a protective trasparent plastic membrane, which ensures the avoidance of any external 
contamination. The cycle for each sample has been set at 0,9 and the amplitude at 90%. 
The ultrasonic processor’s sonotrode tip is immersed into the liquid, a few millimeters 
above the bottom of container. To ensure a low general temperature, the container 
remains submerged into an improvised water bath during the whole procedure. The 
water is renewed every 15minutes to provide efficient cooling. The duration of 60 
uninterupted minutes is recuired for each sample, in order to ensure the even despersion 
of the elements. 
2.3 Dry and Heating Oven 
The Ultrasonic Processor is followed by the Dry and Heating Oven process. After 
transferring the homogenous mixture of each sample in aluminium containers, they 
have been carefully placed into the Dry and Heating Oven. The Dry and Heating Oven 
used in this experiment was the FD 56 model provided by Binder GmbH (Figure 5). 
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Figure 5: Binder Oven FD 56 (Series FD, 2017) 
 
The Dry and Heating Oven ensures low-time and exceptional efficiency in drying the 
samples and completely evaporating the acetone. The device consists of a robust air-
forced convection air bath, the speed of the turbine along with the the temperature can 
vary depending the sample needs and can be adjusted by using the electronic regulator 
provided by the machine, furthermore the machine is equipped with a timer. The 
temperature range of the FD 56 model varies from 10°C to 300°C. It is a forced 
convection oven with various functions and is equipped with a LCD display and with a 
user-friendly controller that enables the complete control of the machine. The LCD 
screen features all the required functions (temperature, timer and fan (Figure 6)). 
Furthermore, the Dry and Heating Oven consists of an additional built-in temperature 
safety device which insures the avoidance of any abnormalities. Furthermore, it consists 
of 2 chrome-plated racks, apart from that, the incorporated exhaust air flap can be 
electromechanically controlled. The short heating up and recovery time along with the 
uniform temperature are few of the most efficient characteristics of the Binder Oven. 
Regarding the drying function of the oven, it has uniform drying conditions regardless 
of the number of samples, as well as the sample size. (Series FD, 2017) 
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Figure 6: LCD screen of the Binder oven with the displayed functions (temperature, fan, timer). 
 
In our experiment, all the samples endured 180 minutes inside the oven at a stable 
temperature of 90°C. 
At the end of this procedure, acetone was completely evaporated and the samples 
were successfully removed from the cases. The final outcome is presented bellow 
(Figure 7).  
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Figure 7: Final Samples 
 
2.4 Rappid Shredder 
The Dry and Heating Oven is followed by the Rappid Shredder machine. Pelletizing is 
the process of compressing, molding or cutting a material into the shape of a pellet. 
Each sample is carefully placed into the Rappid Shredder in order to convert them into 
small pieces (pellets). Creating pellets from the produced samples is critical for the next 
step of the laboratory procedure, so that they can be used during the next phase, which 
was the extruder.  
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Figure 8: Samples before processing from the rapid shredder 
 
The Rapid Shredder used in this step is highly durable, efficient and has laser-cut 
precision blades to ensure high-quality cutting. By using the Rapid Shredder, all of the 
samples have been converted into small pellets, as shown below (Figure 9). 
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Figure 9: Produced pellets 
 
2.5 Extruder 
Prior to the next step of the laboratory procedure, was using the Dry and Heating Oven 
once more. The produced pellets were dried into the oven for 4 hours at 70°C in order to 
ensure that all of the gathered moisture was gone.  
After the desiccation process described above, the samples were processed into the next 
step. For this experiment  the Filabot Original Filament Extruder by Filabot (Figure 10) 
was used. The main function is converting the produced plastic pellets and shaping 
them into a filament, whose diameter can be either 1.75 or 3mm. The result can be used 
with fused-filament-fabricator 3D printers. The extruder sonsists of a single screw of the 
above mentioned diameters. With the Filabot Original Filament Extruder by Filabot 
custom filament prototypes in customized lengths are created. The extruder is able to 
accept new or recycled ABS, HIPS, PLA pellets, along with various additives like fiber, 
wood, and conductive materials to create custom prototype materials. The extrusion 
temperature ranges from 40°C to 400°C and can be set using the incorporated  
temperature panel to ensure easy access from the user and controlled heating 
enviroment throughout the process. (Filabot Original Filament Extruder | Filabot, 2017) 
 
  -19- 
 
Figure 10: Filabot Original Filament Extruder (Filabot Original Filament Extruder | 
Filabot, 2017). 
 
Prior to the creation of each filament, pure ABS pellets were purred into the hopper in 
order to clean the extruder from previous usage. Moreover, as the melting temperature 
range of ABS is at 180-220°C, the temperature of the extrusion was set at 200°C.  In the 
experiment, the prototype filament was produced using both the Filabot Original 
Filament Extruder and the Filabot Spooler. The Filabot Spooler ensures the fine tuning 
of the diameter of the extrusion for the tightest possible tolerances. The user can easily 
adjust the speed of the puller wheels, which draw the filament from the extruder. The 
non-compressive nature of the puller wheels ensure the quality of the extrusion. The 
Filabot Spooler features a traverse mechanism wich can vary depending the users need 
that ensures an even distribution of the filament onto the spool and stainless roller shafts 
that glide on sealed bearings. (Figure 11: Filabot Spooler | Filabot, 2017) 
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Figure 11: Filabot Spooler | Filabot, 2017 
 
The first attempt concluded in the production of a filament with an uneven diameter 
which could potentially break. That was due to the absence of a potentiometer on the 
extruder. The spooling rate was synchronized by the spooler’s speed knobs, which 
resulted to an inaccurately speed synchronization. Therefore, the choice of using only 
the Extruder without the Spooler was inevitable. Thus, prototype filaments with various 
lengths were created. (Figure 12) 
 
 
Figure 12: Produced Filament. 
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2.6 3D Printer 
The last step of the laboratory procedure was 3D printing. In this process test prints of 
various small models with the newly developed filament were initiated, in order to 
acquire data about the behavior of the new filament during the printing process. The 3D 
printer used in this step was a FDM printer provided by BCN3D, the Sigma Dual 
Extruder R17. In the picture below (Figure 13), the BCN3D Sigma Dual Extruder R17 
is presented. 
 
 
Figure 13: BCN3D Sigma Dual Extruder R17 
 
The BCN3D Sigma Dual Extruder R17 is a typical desktop FDM  3D Printer with dual 
extruder and a heated bed. The heated bed feature was of most importance in order to 
use the newly developed filament. Having ABS as the matrix element a heated is 
required to avoid warping. Furthermore, another crusial feature of the BCN3D Sigma 
printer was the dual extrusion, that allowed printing of two different material (pure ABS 
and the newly developed material), thus adequatelly creating designs that require two 
different materials. After conducting various test prints with the new filament, we 
proceeded in printing larger scale objects(Figure 14-16). In the next chapter a thorough 
description of the design process is being presented. 
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Figure 14: 3D Printing larger scale objects. 
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Figure 15: 3D Printing larger scale objects. 
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Figure 16: 3D Printing larger scale objects 
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3. Material Results 
3.1 Dynamic Micro-Indentation Test 
 
Analysis of the mechanical properties of the compounds in a filament form, as well as 
in printed form was performed using a dynamic ultra-micro-hardness tester. The tester 
used in the investigation was the DUH-211 dynamic ultra-micro-hardness tester 
provided by Shimadzu Co, equipped with a triangular pyramid indenter tip (Berkovich 
indender). The specimens were secured tightly onto an attached holder. Dynamic micro-
indentation is associated with applying a controlled load (P) via a diamond tip which is 
in contact with a surface. The penetration depth (h) of indentation is continuously 
monitored as a function of load. A schematic illustration of the typical micro-
indentation load–penetration depth curve obtained from the aforementioned tests is 
shown below in Figure 17. During the indenter load and unload function, the specimen 
is submitted to both plastic deformation (hp) and elastic deformation (he). The total 
deformation (ht) is the sum of hp and he in the micro-indentation load–penetration 
depth curve. Moreover, the indentation hardness and elastic modulus can be calculated 
by the indentation load and penetration depth data. 
The indentation hardness (Hit) of the processed samples is a measure of the resistance 
to permanent deformation damage and was calculated from the equation below 
 
 
Where the maximum force is called Pmax and the projected area of the contact between 
the sample and the indenter is Ap. Ap is calculated from the equation below: 
 
 
On the equation above hc is the depth of contact of the sample with the indenter and is 
calculated as shown below: 
 
 
 
where hr comes from the load-displacement curve and is the intercept of the tangent to 
the unloading cycle at Pmax with the displacement axis.  
The following equation is used in order to calculate the elastic modulus (E) of the 
sample: 
 
 
 
where Εi,s,, and νi,s  are the elastic modulus and Poisson’s ratio, respectively, for the 
indenter and the specimen. For a diamond indenter, Ei is 1140 GPa and νi is 0.07. 
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In this study, the dynamic micro-indentation test was carried out with peak loads 
(Pmax) of 500 mN for the filament form samples and 100 mN for the printed samples. 
The load rate was remained constant at 13.324 mN/s, and the hold time at the maximum 
load was set to 3 s. The dynamic micro-indentation results, such as indentation hardness 
and elastic modulus, were calculated as the average values of five measurements. 
 
 
Figure 17: Schematic illustration of the micro-indentation load versus penetration depth 
curve obtained from the testing. 
 
 
In total, seven samples were created in order to fully obtain mechanical information 
with the Dynamic Micro-Indentation Test. In the following list the samples, along with 
the code names given are presented. 
 
• Sample name: ABS_Test, a commercial abs filament for reference purposes. 
• Sample name: ABS_30%Cpaint, sample composed of 70% ABS and 30% 
Conductive paint. 
• Sample name: 30%CarbonP_2_F, filament sample composed of 70% ABS and 
30% Carbon Black. 
• Sample name: 30%CarbonP_2_P, printed sample composed of 70% ABS and 
30% Carbon Black. 
• Sample name: 15%CarbonP_2_F, filament sample composed of 85% ABS and 
15% Carbon Black. 
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• Sample name: 15%CaP_2%CNT_5%T(1), filament sample composed of 78% 
ABS, 15% Carbon Black, 2% CNTs and 5% TEC Plasticizer. 
• Sample name: 15CP_2CNT_5T_Pr, printed sample composed of 78% ABS, 
15% Carbon Black, 2% CNTs and 5% TEC Plasticizer. 
 
The Dynamic Micro-Indentation Test analysis along with the correspondingly figures 
are listed below. 
 
  
ABS_Test      
SEQ Fmax Hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
1 509,75 15,4832 117,691 1765,00 10,875 
2 510,00 14,5105 133,369 2031,00 12,323 
3 509,59 14,9988 130,72 1746,00 12,079 
Average 509,78 14,998 127,260 1847,33 11,759 
Std. Dev. 0,169 0,397 6,852 130,103 0,633 
CV 0,033 2,648 5,38 7,04 5,38 
Table 1: A commercial abs filament for reference purposes. 
 
 
Figure 18: A commercial abs filament for reference purposes 
 
 
ABS_30%Cpaint      
SEQ Fmax Hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
1 509,67 13,6338 143,791 2558,00 13,286 
2 509,83 14,1357 132,118 2457,00 12,208 
3 509,32 13,1473 158,658 2590,00 14,66 
Average 509,61 13,639 144,856 2535,00 13,385 
Std. Dev. 0,213 0,404 10,861 56,680 1,003 
CV 0,042 2,959 7,50 2,24 7,50 
Table 2:  Sample composed of 70% ABS and 30% Conductive paint. 
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Figure 19: Sample composed of 70% ABS and 30% Conductive paint. 
 
 
30%CarbonP_2_F      
SEQ Fmax hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
2 508,21 12,5354 154,637 3915,00 14,288 
3 508,03 12,3954 163,076 3605,00 15,068 
4 508,18 13,0672 149,129 3100,00 13,78 
Average 508,14 12,666 155,614 3540,00 14,379 
Std. Dev. 0,079 0,289 5,736 335,882 0,530 
CV 0,015 2,285 3,69 9,49 3,68 
Table 3:  Filament sample composed of 70% ABS and 30% Carbon Black. 
 
 
Figure 20: Filament sample composed of 70% ABS and 30% Carbon Black. 
 
 
 
30%CarbonP_2_P      
SEQ Fmax hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
1 101,73 5,1744 240 2558,00 22,176 
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2 101,72 6,016 163,771 2122,00 15,132 
4 101,65 6,5364 139,039 1791,00 12,847 
Average 101,70 5,909 180,937 2157,00 16,718 
Std. Dev. 0,036 0,561 42,967 314,103 3,970 
CV 0,035 9,497 23,75 14,56 23,75 
Table 4: Printed sample composed of 70% ABS and 30% Carbon Black. 
 
 
Figure 21: Printed sample composed of 70% ABS and 30% Carbon Black. 
 
 
 
15%CarbonP_2_F      
SEQ Fmax hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
1 507,06 12,6726 157,706 3325,00 14,572 
2 507,69 11,7641 180,05 4071,00 16,637 
4 507,52 11,3858 206,495 3585,00 19,08 
Average 507,42 11,941 181,417 3660,33 16,763 
Std. Dev. 0,266 0,540 19,941 309,177 1,843 
CV 0,052 4,522 10,99 8,45 10,99 
Table 5: Filament sample composed of 85% ABS and 15% Carbon Black. 
 
 
Figure 22: Filament sample composed of 85% ABS and 15% Carbon Black. 
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15%CaP_2%CNT_5%T(1)      
SEQ Fmax hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
1 508 12,8868 150,329 3405,00 13,89 
3 507,77 13,5097 136,865 3085,00 12,646 
5 507,56 13,9942 126,683 2924,00 11,706 
Average 507,78 13,464 137,959 3138,00 12,747 
Std. Dev. 0,180 0,453 9,684 199,912 0,894 
CV 0,035 3,367 7,02 6,37 7,02 
Table 6: Filament sample composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
 
 
Figure 23: Filament sample composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
 
 
 
 
 
15CP_2CNT_5T_Pr      
SEQ Fmax hmax Hit Eit HV* 
 [mN] [um] [N/mm2] / 
MPa 
[N/mm2] / 
MPa 
 
2 101,7 5,7781 165,942 2611,00 15,333 
5 101,62 6,0414 147,149 2548,00 13,597 
7 101,63 5,9743 153,622 2491,00 14,195 
Average 101,65 5,931 155,571 2550,00 14,375 
Std. Dev. 0,036 0,112 7,795 49,010 0,720 
CV 0,035 1,884 5,01 1,92 5,01 
Table 7: Printed sample composed of 78% ABS, 15% Carbon Black, 2% CNTs and 5% 
TEC Plasticizer. 
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Figure 24: Printed sample composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
 
Furthermore, three additional charts were created in order to analyze the difference in 
Hit, Eit and HV between the seven samples. 
 
 
Figure 25:Hit Chart with Standard Deviation. 
 
 
Figure 26: Eit Chart with Standard Deviation. 
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Figure 27:: HV Chart with Standard Deviation. 
 
Additionally, a table presenting the total deformation (ht) values, which are the sum of 
plastic deformation (hp) and elastic deformation (he), of the seven samples was created 
(Table 8). Here, indentation deformation, ht = hp + he, is always satisfied. The hp/ht 
and he/ht ratios are also listed, along with the standard deviation of ht, hp and he. 
15%CaP_2%CNT_5%T(1) showed significantly larger ht and hp values than the other 
composites. 15%CaP_2%CNT_5%T(1) also had a high hp/ht ratio. On the contrary, 
30%CarbonP_2_P and 15CP_2CNT_5T_Pr, which are the only two printed samples 
measured, showed significantly smaller ht and hp values than the other composites. The 
two samples also had a ratio of hp/ht and he/ht similar to the reference ABS sample. 
 
Samples ht hp hp/ht He he/ht 
 [um] [um] % [um] % 
ABS_Test 15,00 ± 0,40 8,38 ± 0,34 0,56 6,62 ± 0,20 0,44 
ABS_30%Cpaint 13,64 ± 0,40 8,23 ± 0,50 0,60 5,41 ± 0,17 0,40 
30%CarbonP_2_F 12,67 ± 0,29 8,39 ± 0,19 0,66 4,28 ± 0,18 0,34 
30%CarbonP_2_P 5,91 ± 0,56 3,00 ± 0,44 0,51 2,91 ± 0,37 0,49 
15%CarbonP_2_F 11,94 ± 0,54 7,29 ± 0,63 0,61  4,66 ± 0,23 0,39 
15%CaP_2%CNT_5%T(1) 13,46 ± 0,45  8,30 ± 0,26 0,62 5,16 ± 0,25 0,38 
15CP_2CNT_5T_Pr 5,93 ± 0,11 3,37 ± 0,11 0,57 2,57 ± 0,03 0,43 
Table 8: Total deformation (ht) values 
 
In addition, Table 9 summarizes the hardness values and elastic moduli of the seven 
sample. The dynamic hardness of the composites ranged from 11,76 to 16,76 and 
increased in the order ABS_Test < 15%CaP_2%CNT_5%T(1) < ABS_30%Cpaint < 
15CP_2CNT_5T_Pr < 30%CarbonP_2_F < 30%CarbonP_2_P < 15%CarbonP_2_F. 
The elastic moduli of the composites ranged from 1847,33 to 3660,33 MPa and 
increased in the order ABS_Test < 30%CarbonP_2_P < ABS_30%Cpaint < 
15CP_2CNT_5T_Pr < 15%CaP_2%CNT_5%T(1) < 30%CarbonP_2_F < 
15%CarbonP_2_F. All of the samples exhibited both higher hardness and higher elastic 
modulus from the reference ABS sample.  
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Sample Eit HV* 
 [N/mm2] / 
MPa 
   
 Average Std. Dev. Average Std. Dev. 
ABS_Test 1847,33 130,10 11,76 0,63 
ABS_30%Cpaint 2535,00 56,68 13,38 1,00 
30%CarbonP_2_F 3540,00 335,88 14,38 0,53 
30%CarbonP_2_P 2157,00 314,10 16,72 3,97 
15%CarbonP_2_F 3660,33 309,18 16,76 1,84 
15%CaP_2%CNT_5%T(1) 3138,00 199,91 12,75 0,89 
15CP_2CNT_5T_Pr 2550,00 49,01 14,38 0,72 
Table 9: Hardness and elastic moduli of the seven sample. 
 
As shown in the table above, embedding 30% Conductive Paint in the reference ABS 
sample, increased the elastic moduli (Eit) at 37%, as well as the HV at 13%, this was 
expected since incorporating conductive paint fillers in ABS matrix increases the 
hardness of the composite. Consequently, adding Carbon Black in 15%(filament form), 
30%(filament form) and 30%(Printed form)  in the reference ABS sample, resulted in 
increasing the elastic moduli by 91%, 98% and 16% respectively. In addition, the 
carbon black fillers resulted in the increase of the HV by 22%, 42% and 42% 
respectively. These results were expected since adding carbon black fillers in ABS 
matrix increases the hardness of the composite, which was also noted by Fukahori Y. 
[15]. Furthermore adding 15% of Carbon Black, 2% of CNTs and 5% of TEC 
plasticizer in the reference ABS sample, resulted in increasing the elastic moduli by 
69%(Filament form) and 38%(Printed form, as well as increasing of the HV by 8% and 
22% respectively, results that were expected since adding carbon black and CNTs fillers 
in ABS matrix increases the hardness of the composite as mentioned above. 
Considering the above results, the 15CP_2CNT_5T_Pr composite is considered 
optimal, since it has demonstrated a superior mechanical behaviour compared to the 
reference samples and the other composites. 
 
 
3.2 SEM Analysis 
The scanning electron microscope (SEM) has a focused beam of high-energy electrons 
in order to create a variety of signals at the surface of solid specimens [13]. By the 
signals that come from electron-sample interactions we are able to obtain information 
about the sample such as external morphology (texture), chemical composition, and 
crystalline structure, but also orientation of materials cοnsinting the sample. In the 
majority of the applications, data are obtained over a specific area of the surface of each 
sample, therefore a 2-dimensional figure is generated that illustrates spatial variations. 
Areas that range from 1 cm to 5 microns in width can be shown in a scanning mode by 
using conventional SEM techniques (the magnification can vary from 20X to 30,000X, 
spatial resolution from 50 to 100 nm). High speed electrons in a SEM have enormous 
amounts of kinetic energy, which is dissipated as a wide range of signals generated by 
electron-sample interactions when the incident electrons are slowed down in the solid 
sample. The aforementioned signals include secondary electrons (that generate SEM 
illustrations), backscattered electrons (BSE), diffracted backscattered electrons (EBSD 
from which the determination of crystal structures and orientations of minerals can be 
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possible), photons (specific X-rays which are used for elemental analysis and 
continuum X-rays), visible light (cathodoluminescence--CL), and heat. Secondary 
electrons and backscattered electrons are generally used for sample illustration: 
secondary electrons are mainly used in showing topography and morphology on each 
sample, furthermore, the illustration of contrast in composition in multiphase samples is 
able only with the presence of the backscattered electrons (i.e. for rapid phase 
discrimination). Inelastic collisions of the incident electrons with electrons in discrete 
ortitals (shells) of atoms are able to generate X-ray. During the return of the excited 
electrons into the lower energy states, the X-rays that are of a fixed wavelength are 
yielded (in relation to the difference in energy nivues of electrons in different shells for 
a fixed element). therefore, specific X-rays are created for every element in a mineral 
that is "excited" by the beam of electrons. The “non-destructive” nature of the SEM 
analysis can be explained because of the absence of volume loss from the sample due 
the x-rays generation by electron interactions so it is possible to analyze the same 
materials repeatedly without destroying the material. The SEM is generally used to 
generate high-resolution illustrations of plenty of geometrical shapes of objects and to 
demonstrate spatial variations in chemical compositions: 1) EDS is mainly used to 
acquire elemental maps but also in spot chemical analyses 2) on the other hand BSE is 
generally used to discriminate phases based on mean atomic number (generally related 
to relative density), and last but not least 3) CL is mainly used in compositional maps 
based on the different trace element "activitors" (mainly transition metal and Rare Earth 
elements). Moreover, the SEM technology is generally used in the identification of 
phases based on qualitative chemical analysis, but also to identify crystalline structure. 
The SEM accomplishes high precision of extremely small objects and features, in sizes 
that can reach down to 50 nm. Furthermore in multiphase samples rapid discrimination 
can be achieved with the usage of Backescattered electron illustrations (BSE). 
Diffracted backscattered electron detectors (EBSD) are embedded in some SEMs 
achieving the precise examination of microfabric and crystallographic orientation in 
varous materials. [14].         
In this experiment, Phenom ProX SEM(Figure 28) was acquired in order to analyse the 
filament created by combining 78% ABS, 15% Carbon Black, 2% CNTs and 5% TEC 
Plasticizer. From the composite two samples were created; the first was placed 
transversely and the second one longwise. In the following figures, the SEM analysis 
findings are presented. 
 
 
Figure 28: Phenom ProX SEM 
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Figure 29: Transverse figure of filament sample in 500x. 
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Figure 30: Transverse figure of filament sample in 1000x. 
 
Regarding the CNTs and Carbon Black dispersion in both figures, a homogenous 
distribution of nanotubes in ABS matrix can be observed. This means that the adopted 
production process, consisting of embedding CNTs and Carbon Black in a liquid 
mixture of ABS and pure acetone was capable to avert the formation of nanofiller 
aggregates and to properly disperse CNTs and Carbon Black in the ABS matrix. The 
good dispersion results were expected since embedding CNTs in an aceton mixture 
leeds to extreme dispersion, which was also noted by Sun Guoxing[16]. In addition, at 
high magnifications, a good adhesion level between CNT, Carbon Black and ABS can 
be observed. Consequently, in the following figures the longwise sample is presented. 
(Figure 31,Figure 32). 
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Figure 31: Sample placed longwise in 350x. 
 
 
Figure 32: Sample placed longwise in 1000x. 
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By analysing the two figures above, information about the surface of the produced 
filament were obtained. The proper dispersion of the CNTs and Carbon Black in the 
ABS matrix results in a homogenus surface. Furthermore, the analysis of the the cross-
section filament sample gave far grater results, which are presented in the figures below. 
(Figure 33,Figure 34,Figure 35). 
 
 
Figure 33: Sample placed longwise in 2000x. 
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Figure 34: Sample placed longwise in 4500x. 
 
 
Figure 35: Sample placed longwise in 7300x. 
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As shown in the figures above, CNTs and Carbon Black are well-mixed in the ABS 
matrix, where the absence of voids on the surface of the polymer is the proof of the 
perfected mixture. Moreover, the excellent adhesion and dispersion between the Carbon 
Black, ABS and the CNT indicate that the created nanocomposite is perfectly 
compatible and is expected to have highly improved mechanical properties. 
  
 
4. Case Study 
In the fourth chapter, the procedure of designing appropriate prototypes for 3D printing 
with the newly developed conductive filament will be thoroughly presented. The main 
purpose of the design chapter is not only serving as proof of concept for the produced 
conductive filament, but also to pinpoint design ideas and questions that the conductive 
filament could solve. Using SolidWorks as our main Computer-aided design (CAD) 
program we developed various designs. 
4.1 Proof Of Concept – Designing and 3D Printing an E – Stop Button. 
In the first attempt an Emergency Stop Push Button (E-stop) design was created.  An 
emergency stop (e-stop), also known as a kill switch and as an emergency power off 
(EPO), is called a safety mechanism widely used to shut off the majority of heavy 
machinery in case of an emergency, when it is imposible or time sensitive to shut down 
the machinery with the usual process [10]. In contrast to the normal shut down process 
or the shut-down switch, which shuts down all the systems with a predifented order and 
turns off the machine without causing any damage to the machine, the emergency stop 
button is speciffically designed to instantly (asap, as soon as possible) abort the on-
going operation (even if damage to the machine occurs) but also to be operated quickly, 
efficiently and simply (so that even in dangerous cituations of extreme panick an 
operator with no perticular training or even a simple by-stander can instantly activate 
the switch). E-Stop Buttons are mainly designed to be easily noticed, even to a random 
bystander. 
Most e-stop buttons are equipped with a security feauture, a removable, protective 
security barrier against any activation by accident (e.g. a simple plastic or glass cover 
that must be broken or  lifted in order for the operator or bystander to activate it). In 
regards to industrial design, e-stop buttons are of highest importance. Therefore, kill 
switches are always intergrated in every industrial-level machinery in order to prevent 
workplace injuries and deaths [11]. In the pictures below various e-stop button designs 
are presented. (Figure 36-38) 
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Figure 36: Emergency Stop Switch(Plantman Equipment) 
 
Figure 37: Schneider Electric Harmony, Red, Key Reset 40mm Mushroom Head 
Emergency Button 
 
 
 
Figure 38: PIT estop/stop pushbutton by Pilz 
 
 
 
  -42- 
4.11 E-Stop Button -Design 1 
 
In regards to international standards,the emergency stop function must be activated by 
an instant human action using an actuated control device that is manually activated. In 
order to reset the electrical system, the release of the E-Stop that was previously 
activated is a prerequisite. It should be clear that restarting the machinery is not done 
through resetting the E-Stop switch, that only makes it possible, but restarting the 
machine must be done through prerequisite procedures appropriate for each machinery. 
The IEC 60947-5-5 & ISO 13-850 defines the specifications of emergency stop buttons 
in terms of ergonomics, electrical and mechanical requirements [12]. The E-Stop button 
is a highly distinctive push button or "mushroom type" button, in which mechanical 
action with mechanical latching must be used. All electrical contacts open instantly and 
permanently at exactly the time the E-Stop button is pushed (activation of the protocol)  
through a latching mechanism.The restart of the machinery is once more able when all 
the electrical contacts close, for this to occur a manual key release or a twist is required 
in orded  for the E-Stop actuator to be unlatched.  
In terms of operation, e-stop buttons use the nc (normally closed) protocol instead of no 
(normally open). Normally Open  state is when an electrical switch contact  remains 
open until a predetermined threshold has been reached, after that the switch closes, in 
order to allow the electric current flow. The Normally Open circuit protocol is shown in 
the picture below (Figure 39). Normally Closed state is when an electrical switch 
contact  remains closed until a predetermined threshold has been reached, after that the 
switch opens, in order to disable the electric current. The Normally Closed circuit 
protocol is shown in the picture below (Figure 40). 
 
 
Figure 39: Normally Open (NO) circuit protocol 
 
 
 
Figure 40: Normally Closed (NC) circuit protocol 
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The first design attempt for the kill switch, was based in the Normally Closed circuit 
protocol, in a simple push button. The whole design was created with the intension of 
3d printing it with a simple Fused Deposition Modeling (FDM)  desktop printer. The 
design was inspired by the industrial e-stop button used in heavy machinery. The design 
consists of two main parts, each one comprised of many subparts. As a primary action 
was the creation of a box shaped bottom part which will house the actual e-stop button 
design. The square shape of the part acts as a shield and adds a certain amount of 
stabilty in the whole design. The small square casing in the center was designed to work 
as a recipient of the actual e-stop button. On the base of the square housing, a small 
circular pin was created in order to secure the spring needed to create the button efect 
(Figure 41). Two tubes were added in order to house the cables from the individual 
circuits that will be intergrated. The complete base design is presented in the picture 
below (Figure 42). 
 
 
 
Figure 41: Circular pilar for securing the needed spring. 
 
 
Figure 42: Base of e-stop button. 
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The second part of the design was created as a square pillar to match the square housing 
of the base. The part consists of 5 subparts. The conductive part was placed in the 
middle in order to remain in contact with the cables in the normal position (not pushed). 
From each side non conductive parts are placed in order to break the connection each 
time the button is pushed. On the upper part a circular handle was added to help the 
push and pull action ( Push in order to activate the e-stop button, Pull in order to 
deactivate it and return to the original position). The complete design of the button part 
is shown in the picture below (Figure 43). 
 
 
 
Figure 43: Button part design 
  
By assembling the two main parts the e-stop button was succesfully created. In the 
pictures below the whole design along with the explanation of the activation is 
presented (Figure 44 – 47). 
 
 
 
 
Figure 44: Top View of the e-stop design. 
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Figure 45: Trimetric view of the e-stop design. 
 
 
 
Figure 46: Activation of the emergency button ( e-stop ) 
 
Figure 47: Deactivation of the emergency button ( Return to the original state ) 
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The next step of the design procedure was creating a 3d prototype with the BCN3D 
Sigma Dual Extruder R17. As a prototype, the function met all the necessary criteria. 
Nevertheless, due to high amount of material and printing time needed the first design 
for the emergency button was altered. In the following chapter the new design is 
thoroyghly presented. 
 
 
4.12 E-Stop Button -Design 2 
 
The Normally Closed circuit protocol is the key characteristic of the second design 
attemp for the kill switch. The whole design was created with the intension of 3d 
printing it with a simple Fused Deposition Modeling (FDM)  desktop printer ( BCN3D 
Sigma Dual Extruder R17 ). Heavily influenced by many emergency stop button 
designs, a more circular e-stop was created. The second design consists of two main 
parts, each one comprised of many subparts. In the first part, a tube shape design was 
adopted in order to house the actuall emergency button. On the base of the tube shaped 
housing, a small circular pin was created in order to secure the spring needed to create 
the button efect (Figure 48). Two holes were added on the side of the tube opposite to 
each other, in order to house the cables from the individual circuits that will be 
intergrated (Figure 49). Furtheromore, 2 slopes opposite to each other were added on 
the side of the base design as guidlines of the button’s movement. The slopes lead to a 
square hole on each side, which acts as a locking mechanism to secure the button when 
pressed (Figure 50).  The locking mechanism design is presented in the picture below 
(Figure 51). 
 
 
 
Figure 48: Circular pilar for securing the needed spring. 
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Figure 49: Holes on the side of the base design. 
 
 
 
Figure 50: Guidline slopes. 
 
 
 
Figure 51: Locking System. 
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Progressing to the second part of the design, a cylinder was created to match the 
aforementioned tube shaped housing. The cylinder part consists of 4 subparts. The 
conductive part was placed in the middle in order to remain in contact with the cables in 
the normal position (not pushed). From each side non conductive parts are placed in 
order to break the connection each time the button is pushed. On the upper part 
knurlings were added to help the pull and turn action (Pull and turn, in order to 
deactivate it and return to the original Normally Closed state, Figure 52) . On the 
bottom part of the button two small pieces opposite to each other were placed in order 
to complete the locking mechanism (Figure 53). The complete design of the button part 
is shown in the picture below (Figure 54-55). 
 
 
 
 
Figure 52:  Knurlings to improve the pull and turn action. 
 
 
Figure 53: Locking mechanism of the button part. 
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Figure 54: Trimetric view. 
 
Figure 55: Side view. 
 
By assembling the two main parts, the new emergency stop button was succesfully 
created. In the pictures below the whole design along with the explanation of the 
activation is presented (Figure 56 – 59). 
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Figure 56: Top view of the two parts. 
 
 
Figure 57: Side view of the two parts. 
 
 
 
Figure 58: Activation of the emergency button ( e-stop ). 
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Figure 59: Deactivation of the emergency button ( Return to the original state ). 
 
The next step of the design procedure was creating a 3d prototype with the BCN3D 
Sigma Dual Extruder R17 (Figure 60 - 61). As a prototype, the function met all the 
necessary criteria.  
 
 
Figure 60: The indiviadual components of the e-stop button. 
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Figure 61: E-stop button assembled. 
 
In the following chapter the emergency stop button prototype is intergrated into an 
individual circuit for testing purposes. 
 
 
4.2 E-Stop Button – Circuit Design  
In this chapter the testing procedure of the prototype’s function is thoroughly described. 
Firstly, a small circuit consists of a raster board, along with a LED light and two 9V 
batteries as well as the prototype emergency button was created. The e-stop prototype 
was connected in series with the other components in order to analyze the functionality 
of the design. The complete circuit design is presented in the pictures below (Figure 
62,Figure 63,Figure 64). 
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Figure 62: Sketch illustration of the designed circuit. 
 
 
Figure 63: Complete circuit design with the individuals components of the e-stop 
button. 
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Figure 64: Complete circuit design with the assembled e-stop button. 
 
By assembling the components and powering the circuit when the emergency stop 
button is on the original state (normally closed position), the LED light is activated. 
Furthermore, on the activation of the emergency button the Led light is instantly 
deactivated. The LED light does not change the off state until the e-stop button is fully 
deactivated (in the original state).  These actions are proof that the e-stop prototype is a 
fully functional kill switch. The activation and deactivation states are presented in the 
pictures below (Figure 65,Figure 66,Figure 67). 
 
 
9V Batteries 
LED 
Switcher 
Raster Board 
Emergency Stop Button 
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Figure 65: E-stop in the original state – LED On. 
 
 
Figure 66: E-stop activated – LED Off. 
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Figure 67: E-stop deactivation – LED ON. 
 
As shown in the figures above, the 3D Printed prototype worked according to the e-stop 
button standards. Moreover, the responce time of the produced button was equal to a 
usual manufactured e-stop button. Results that verify not only the conductivity of the 
formulated material, but also the capability of embedding the material into real-life 
products.   
 
5. Conclusions 
This Thesis thoroughly describes the testing, preparation and characterization of 
conductive ABS-based thermoplastic composites with which electrical circuit printing 
using FDM-based 3D printing can be performed. Throughout this project, we have 
shown that 3D printing can be more than a technology for the production of non-
functional, architectural structures. When combined with specific functional materials, 
this innovative technology is able to produce exceptionally functional objects 
embedding electronic components that have the potential to be used in very complex 
circuits. This advancement has many potential applications in a number of fields. The 
outcome of the project was creating a material that offers individuals the ability of 
producing simple or complex products incorporating electronic components on a low-
cost, desktop printer without the expensive need of vast production facilities. 
The conductive filament was produced by using ABS as polymeric matrix in 78% 
combined with 15% Carbon Black along with 2% CNTs as the conductive filler and 5% 
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TEC as plasticizer.  By conducting dynamic ultra-micro-hardness tests, as well as SEM 
analysis, the structure along with the mechanical properties of the developed composite 
are defined. The formulated material has demonstrated superior mechanical properties 
and enabled the production of a vast range of functional electronic components using a 
low-cost, desktop 3D printer. 
Lastly, the 3D Printed emergency stop button created for the case study, illustrated the 
potential use of this material for circuit applications. 
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Appendix 
Appendix A: Abbreviation List 
Abbre
viation 
Explanation 
ABS   Acrylonitrile butadiene styrene  
  
Asap   As soon as possible  
  
BSE   Backscattered electrons  
  
CAD   Computer-aided design  
  
CB  carbon black  
  
CNTs  carbon nanotubes  
  
DMM
C Lab 
 Digital Manufacturing and Materials Characterization Laboratory  
  
EBSD  diffracted backscattered electrons  
  
EPO  Emergency power off  
  
Eit  Elastic moduli  
  
FCC  Fluid catalytic cracking  
  
FDM  Fused Deposition Modelling  
  
HIPS  high impact polystyrene  
  
He  elastic deformation  
  
Hp  Plastic deformation  
  
Ht  Total deformation  
  
NC  normally closed  
  
NO  normally open  
  
PAH  polycyclic aromatic hydrocarbon  
  
PLA  polylactic acid  
  
PVC  polyvinyl chloride  
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SEM  Scanning electron microscope  
  
TEC  Triethyl citrate  
  
 
Appendix B: Additional Sample Figures from the Micro Indentation Test. 
 
Figure 68:A Commercial ABS filament sample 1. 
 
Figure 69:A Commercial ABS filament sample 2. 
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Figure 70: A Commercial ABS filament sample 3. 
 
Figure 71: Sample 1 composed of 70% ABS and 30% Conductive paint. 
 
Figure 72: Sample 2 composed of 70% ABS and 30% Conductive paint. 
 
Figure 73:  Sample 3 composed of 70% ABS and 30% Conductive paint. 
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Figure 74:  Filament composed of 70% ABS and 30% Carbon Black sample 1. 
 
Figure 75: Filament composed of 70% ABS and 30% Carbon Black sample 2. 
 
Figure 76: Filament composed of 70% ABS and 30% Carbon Black sample 3. 
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Figure 77: Printed sample 1 composed of 70% ABS and 30% Carbon Black. 
 
Figure 78: Printed sample 2 composed of 70% ABS and 30% Carbon Black. 
 
Figure 79: Printed sample 3 composed of 70% ABS and 30% Carbon Black. 
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Figure 80: Filament composed of 85% ABS and 15% Carbon Black sample 1. 
 
Figure 81: Filament composed of 85% ABS and 15% Carbon Black sample 2. 
 
Figure 82: Filament composed of 85% ABS and 15% Carbon Black sample 3. 
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Figure 83: Filament composed of 78% ABS, 15% Carbon Black, 2% CNTs and 5% TEC 
Plasticizer sample 1. 
 
Figure 84: Filament composed of 78% ABS, 15% Carbon Black, 2% CNTs and 5% TEC 
Plasticizer sample 2. 
 
Figure 85: Filament composed of 78% ABS, 15% Carbon Black, 2% CNTs and 5% TEC 
Plasticizer sample 3. 
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Figure 86: Printed sample 1 composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
 
Figure 87: Printed sample 2 composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
 
Figure 88: Printed sample 3 composed of 78% ABS, 15% Carbon Black, 2% CNTs and 
5% TEC Plasticizer. 
